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Abstract: Nowadays, Industry 4.0 will become urgently implemented in most
developed countries, although it is still mainly conceptual. As there are three
different aspects making up Industry 4.0 (I4.0), such as digital systems,
biological systems, and physical systems, most of the research published works
were focused on mainly the first one. The smart manufacturing system (SMS)
is not an invention, although it is representing the heart of 14.0. The SMS is a
rebirth of a new version and innovation of production systems taken into
consideration reconfiguring the existing manufacturing systems through adding
machines with sensors, actuators, and control architectures for achieving the
ultimate goals of 14.0. There are many challenges when reconfiguring these
systems as an essential requirement to implement 14.0, representing the degree
of individual system complexity, reconfigurable machines, material handling
systems, system layout, competitive manufacturing strategies, leanness agility,
and embedded systems (cyber-physical systems). In this paper, a new
perspective of reconfiguring manufacturing systems will be figured out, and the
reconfigurability level toward 14.0 will be presented.

Keywords: Industry 4.0; smart manufacturing systems; SMSs; reconfiguration.

Reference to this paper should be made as follows: Garbie, .H. and
Garbie, A.I. (2024) ‘Toward smart manufacturing systems incorporating
reconfiguration issues’, Int. J. Industrial and Systems Engineering, Vol. 46,
No. 1, pp.1-33.

Biographical notes: Ibrahim H. Garbie is currently a Professor of Industrial
Engineering in the Department of Mechanical Engineering at Helwan
University in Egypt. He received his PhD in Industrial Engineering from
University of Houston, Texas, USA in 2003. He also received his MSc in
Manufacturing Engineering and BSc in Production Engineering from Helwan
University in Egypt in 1996 and 1991, respectively. His research interests
encompass Industry 4.0 and smart manufacturing systems, reconfiguration and
sustainability, manufacturing systems analysis and design, lean production,

Copyright © 2024 Inderscience Enterprises Ltd.



2 LH. Garbie and A.I. Garbie

agile systems, and engineering education. He has authored more than
82 articles in well-regarded international peer reviewed archival journals,
conferences, technical reports, and book chapters.

Abdelrahman 1. Garbie is currently a postgraduate student in the Department of
Mechanical Engineering at University of Louisiana, Lafayette, Louisiana, USA.
He received his BSc in Mechanical Engineering from Louisiana State
University (LSU) in 2020. His research interests encompass sustainability in
mechanical systems, artificial intelligence (AI) and machine learning and
Industry 4.0. He is a member of the American Society of Mechanical Engineers
(ASME) and others professional societies.

1 Introduction

Smart manufacturing systems (SMSs) are a rebirth of the new version and innovation of
existing manufacturing systems into so-called hybrid production systems considering
reconfiguring these systems through adding machines with sensors, actuators, and control
architectures for achieving Industry 4.0 (14.0). 14.0 is regarded as the next industrial
revolution and is known as 14.0 that will reshape the manufacturing industries besides the
previous industrial revolutions (Industry 1.0, Industry 2.0, Industry 3.0) (Garbie 2016,
Reischauer 2018), the SMSs is representing the heart of 14.0. SMSs is defined as a
reconfigurable hybrid manufacturing systems which are consisting of dedicated systems;
focused systems; a job shop remainder cell, and an assembly system taken into
consideration the new advanced manufacturing technologies for 14.0. The dedicated
systems are representing into automated manufacturing systems while focused systems
are concentrating into cellular systems and the associated/corresponding flexible
manufacturing cells/systems. A job shop ‘remainder’ cell is representing into functional
and/or process system, and the assembly system is represented by manual and automated
assembly system. There are three different aspects/components to build SMSs: physical,
digital, and biological systems (see Figure 1). These components are also considered the
pillars of 14.0, and they have been structured into technology systems and processes
(Dombrowski et al., 2017).

Concerning digital systems, there are different types of devices such as a personal
computer (desktop, laptop, smartphones, and video game console) (Moty et al., 2017);
industrial internet of thing (IloT); cyber-physical systems (CPS); information and
communication technology (ICT), enterprise architecture (EA) and enterprise integration
(Lu, 2017) allows increase/enhance the interaction with the digital world. As the 14.0 is
often described as evolution more than revolution, it must keep continuing the
digitisation and real-time oriented integration of all elements in the system (Neugebauer
et al., 2016). Horizontal integration, end-to-end integration, and vertical integration of the
factory are the most recommended activities when implementing 14.0 (Wang et al., 2016
and Garbie and Garbie 2020a, 2020b). Many risks are facing 14.0 representing
cyber-attack, malware, spyware, loss of data integrity, or problems with the availability
of information, hackers, and software pirates (Tupa et al., 2017). Big data was also
recommended as a big challenge facing implementing 14.0.
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Figure 1 Elements of SMSs

Smart Manufacturing Systems (SMSs)
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Concerning physical systems, complexity, agility, and philosophy of lean manufacturing
are highly considered through lean automation (Kolberg and Zuhlke, 2015) to optimise
the working of smart operators, products, machines, and planners for enabling 14.0
technologies. Plant layout and material handling costs are recommended to be adopted
for improving the performance measurements of manufacturing systems (Ingole and
Singh, 2021). Reconfiguration was recommended as a significant tool for sustainability in
hospital outpatient pharmacies based on the philosophy of group technology (Bashir et
al., 2020). Cellular manufacturing systems is recommended as one of most important
manufacturing systems type to minimising manufacturing cost and flexibility
(Mohtashami et al., 2020).

Interaction between lean manufacturing and 14.0 was mentioned and summarised
through process activities and techniques to minimise manufacturing lead time and
reducing waste (Bauer et al, 2018). Therefore, lean manufacturing is strongly
recommended as a competitive manufacturing strategy and an enabler toward
implementing 14.0 (Dombrowski et al., 2017). The agile factory is used as a new facet of
14.0 (Scheuermann et al., 2015), and lean production system is considered as an
integrated technical issue and actual impact to implement 14.0 (Wagner et al., 2017).
Lean and agile manufacturing are considered the factors of sustainable strategic
advantage (Tiwari and Tiwari 2020). Additive manufacturing (AM) systems create
flexibilities in innovation of products ‘product design and development’, mass
customisation, and reverse engineering (Haleem et al., 2020). Achieving lean in complex
production streams was suggested and presented to solve the whole manufacturing
process of product (Samant, and Prakash, 2021).

There are also nine fundamental pillars or enabling technologies for implementing
14.0, such as advanced manufacturing solutions, AM, augmented and virtual reality,
simulation; horizontal/vertical integration; IIOT; cloud computing; cyber-security; and
big data and analytics. Advanced manufacturing solutions play a crucial role in
autonomous and operating toward physical systems of SMS. The implementation of
SMSs should take into account the status quo and manufacturing requirements. Most of
all, developed countries around the world (especially, the USA, Germany, Japan, and
China) tried thoroughly to deploy and promote the strategy implementation of the
manufacturing power and speed up the transformation from the manufacturing country to
the manufacturing capability.

This paper’s primary objective is to figure out how to design manufacturing systems
during the era of 14.0, taking into consideration the reconfiguration issues. In addition,
the main target of this paper is to formulate and model the re-configurability index for the
manufacturing system incorporating these reconfiguration issues toward 14.0. The
remainder of this paper is organised as follows: Section 2 presents the literature review.
Section 3 describes the research methodology, including the requirements of 14.0,
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requirements of reconfiguration, challenges of reconfiguration, a reconfiguration
methodology, and performance measurements. In Section 4, results and discussion will
be presented. Section 5 includes a conclusion which details potential contributions and
recommendations for further work.

2 Related review and scope

2.1 Literature review

Nowadays, a very limited few research works have been published in the area of
reconfiguration of manufacturing systems as a general concept, and towards 14.0 as a
specific. The literature review focuses on answering the following proposed six key
research questions (KRQs) through the published papers in the journals until now.

e KRQI: What are the requirements of 14.0?

e KRQ2: What are the requirements of reconfiguration?

e KRQ3: Is designing hybrid-manufacturing systems existing?

e KRQ4: What are the challenges of reconfiguration towards 14.0?

e KRQS5: What is the reconfiguration methodology towards 14.0?

e  KRQG6: What are the reconfiguration performance measurements towards 14.0?

In this paper, the six questions will be discussed and investigated in detail in Section 3.

Several published works have been presented in the area of 14.0, but very few of the
work mentioned the physical systems ‘SMS.” By the way, it is possible to go around the
area of SMS and find the relevant research works related to it. They belong to either
dedicated systems or focused systems or remainder job shop systems and assembly lines
with identifying the challenges facing these systems, reconfiguring them towards 14.0.

Moty et al. (2017) mentioned the framework of implementing 14.0 through
investigating the enablers of Italian engineering students to be ready for 14.0. They
designed a questionnaire survey to conduct this investigation and analysis. They noticed
that students’ digital behaviour achieved the highest in their questionnaire more than
other representing into digital devices such as desktop/laptop and smartphones followed
by videogame console. Lu (2017) conducted an extensive review of published papers in
the areas of 14.0 in terms of methodology, CPS, interoperability of 14.0, key technologies,
and applications. People are considered the most active factor in productive forces in the
area of smart manufacturing (Zhang et al., 2019).

Tupa et al. (2017) suggested different types of risks when implementing 14.0 and how
they can be managed in the manufacturing area as an operational risk. They identified
seven operational risks as manufacturing process management, maintenance; methods
and tools; materials; human resources, machines, and manufacturing technologies, and
machine environments. Dombrowski et al. (2017) presented the structure of 14.0 elements
into three main categories: technologies, systems, and processes. Technologies
representing into big data; RFID; cloud computing; real-time data; augmented and virtual
reality; automated guided vehicles, sensor/actuators, and consumer electronics are
considered. Systems of 14.0 comprises of smart data/algorithms, intelligent objects;
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internet of things; CPS, and machine-t-machine communication. Concerning the process
of 14.0, Dombrowski et al. (2017) identified horizontal integration, vertical integration,
consisting of information, monitoring, real-time data, visualisation, transparency,
flexibility, digitalisation, traceability, and self-optimisation. Santos et al. (2017) presented
how to implement a big data system and architecture for 14.0 through specific layers and
components.

Kolberg and Zuhlke (2015) used lean automation concepts in implementation 14.0
through lean production in terms of the smart operator, product, machine, and planner.
Wang et al. (2016) focused on vertical integration to implement flexible and
reconfigurable smart factories taken into consideration industrial wireless networks,
cloud computing and fixed or mobile terminals with intelligent elements such as
machines, products, and conveyors. Zhang et al. (2019) presented a series of plans and
guidelines for smart manufacturing talent education (SMTE) through a reference system
including discipline system, training system, practice system, and assessment system.
Wagner et al. (2017) identified the impact of I 4.0 on lean production systems through
data acquisition and processing, machine-to-machine (M2M) communication, and
human-machine interaction (MHI). Haleem et al. (2020) suggested flexibility as a
concept in manufacturing system which can be enhanced and improved through the AM
in terms of product design, customisation and part printing. Tiwari and Tiwari (2019)
identified the lean practices for the automotive small and medium-sized enterprises
(SMEs. Tiwari and Tiwari (2020) proposed a novel approach to model green lean and
agile manufacturing. Samant and Prakash (2021) proposed an innovative framework to
achieve lean performance in terms of productivity, quality, reduced lead-time and cost
reduction through using a mix of value stream mapping (VSM) CPLEX optimisation,
Arena simulation and lean box score method.

There are few papers focused on the reconfiguration of manufacturing systems for
14.0 as a general. Bortolini et al. (2018) identified five emerging research streams to the
upcoming 14.0 through reconfigurability level assessment; analysis of reconfigurable
manufacturing systems (RMS) feature; analysis of RMS performances; applied research
and field application and reconfigurability toward 14.0. Prasad and Jayswal (2018)
proposed measuring the reconfigurability in the manufacturing systems based on cost,
effort, and time taken into consideration the scheduling of products. Layout
reconfiguration in each planning period was presented based on the minimisation of
material handling inside plants and between plants and maximisation of adjacency
between departments (Azevedo et al., 2017). Varela et al. (2020) used social network
analysis to solve manufacturing systems problems especially in industrial plant layout
problem in terms of completion time of jobs (make span), resource utilisation, and
throughput time. Ingole and Singh (2021) used plant layout and materials handling costs
as an important indicator to improve the revenue of industrial organisation.

A design methodology for changeable manufacturing systems was proposed. It took
into consideration the types of manufacturing systems with suitability and physical and
logical enablers (Andersena et al., 2017), while Deif and ElMaraghy (2017) considered
product variety and volume as a significant dynamic to implement changeable
manufacturing systems. Some published papers are also working toward 14.0 in terms of
reconfiguration for assembly systems. Bortolini et al. (2017) proposed a framework to
investigate the impact of 14.0 principles on the assembly system design. Besides, Cohen
et al. (2017) investigated how to transform the resources (machines, workstations) into
assembly paradigms to implement 14.0. EIMaraghy and ElMaraghy (2016) depicted the
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future directions and challenges for implementing smart assembly systems with the
perspective of 14.0.

Garbie (2017) and Kusiak (2018) recommended sustainability as one of the most
pillars of implementing Smart Manufacturing. Garbie and Al-Shagsi (2019) introduced a
sustainable model for measuring the performance indexes in petroleum companies taking
into consideration economic, social and environmental pillar. Garbie and Garbie (2020a)
identified the requirements of manufacturing systems for 14.0 including all aspects/issues.
The importance of sustainability towards adopting 14.0 was mentioned and discussed in
terms of machine design, manufacturing process, and manufacturing systems (Garbie and
Garbie, 2020b, 2020c). Mohtashami et al. (2020), presented cellular manufacturing
systems as a solution for modern production systems in terms of minimising cost of
manufacturing and flexibility in allocating machines. Bashir et al. (2020) proposed a
reconfiguration methodology for hospital outpatient pharmacies based on cell formation
of drugs for minimising the total distance that pharmacy drug pickers travel to fill
prescriptions.

2.2 Research objectives and gaps

The following comments are related to the gap of the review of the literature and suggest
the research objectives and goals as follows:

2.2.1 Research gaps

e There is a limited number of publications and fine discussion about the requirements
of I4.0 in terms of advanced manufacturing technologies

e Requirements of reconfiguration is still restricted with the machine capacity,
machine capability and/or flexibility and the system layout

e There is no any clue about the feasible designing manufacturing systems for 14.0.
Most of published works were talking generally without any assigned manufacturing
system(s) and which type is recommended

e Challenges of reconfiguration toward 14.0 is not clear in the published papers

e There is no reconfiguration methodology in manufacturing systems for implementing
14.0. The only one is based on the traditional manufacturing systems

e  The criteria for performance evaluation due to reconfiguration process is still
focusing on traditional performance indexes not ones related to 14.0.

2.2.2 Research objectives

There are six main research objectives (ROs) that must be covered under this topic as
follows:

e ROI: Identifying the requirements of 14.0.
e RO2: Identifying the requirements of reconfiguration.

e RO3: Proposing designing hybrid-manufacturing systems.
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e RO4: Identifying the challenges of reconfiguration towards 14.0.
e ROS5: Updating reconfiguration methodology for 14.0.
e ROG6: Updating the reconfiguration performance measurements towards 14.0.

In this paper, the ROI, RO2, RO3, RO4, RO5 and RO6 will be identified and illustrated
among the following section (Section 3) through proposing and identifying the elements
of reconfiguration and re-configurability indexes. In addition, these indexes are verified
in Section 4 through an illustrative numerical example.

3 Research methodology

In this paper, the blueprint of research methodology is divided into six main streams:
requirements of 14.0 ‘smart manufacturing,” requirements of reconfiguration, designing
hybrid-manufacturing  systems, challenges of reconfiguration towards 14.0,
reconfiguration methodology and processes, and reconfiguration performance
measurements and evaluation (Figure 2). Each stream will be discussed and analysed
separately. The blueprint is illustrated and expressed as the flow chart of conducting the
analysis and investigation toward SMS s in terms of physical systems into three main
phases (see Figure 3).

Figure 2 Blueprint of requirements of manufacturing systems toward 14.0

Stream 3: Stream 4:

Stream 1: Stream 2: 0 £ Hybrid Chall " Stream §: Stream 6:
Reguirements of ) Requiremenis of % esigning of HyAnd L a1enges of - Ly Reconfiguration 3 Reconfiguration
- Manufacturing Reconfiguration
14.0 Reconfiguration Methodology Measurements

Systems toward 14.0

Figure 3 A research methodology (see online version for colours)
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3.1 Requirements of 14.0 (RE)

The requirements of 14.0 are divided into design principles and pillars of enabling
technologies. SMSs have six identified design principles that are used in their automation
and digitisation of their manufacturing processes (see Figure 4). These principles will be
discussed as the following:

e Interoperability (A1): indicates flexible collaboration between all components in the
manufacturing environment (e.g., assembly stations are not separated from the
products produced or workers who are working on them).

e  Virtualisation (A2): it is required to monitor the actual processes by using virtual
models or models created via simulation.

e Decentralisation (A3): it enables the different systems within the smart plant to make
decisions autonomously.

e  Real-time capability (A4): requires the manufacturing process of collecting data,
feedback, and monitoring processes to work in real-time.

e  Service orientation (AS5): A smart plant requires internal and external services
through the internet of service (IoS).

e Modularity (A6): flexibility and agility [of products, manufacturing systems, and
material handling systems (MHSs)] are required urgently for smart manufacturing to
adapt to changing circumstances quickly.

The design principles of 14.0 at any time ¢, RE1(f), is represented by the six principles as
follows as the following equation.

REI(t) = f(Al, A2, A3, A4, AS, A6) (1)

In terms of requirements regarding enabling technologies, there are nine pillars of
enabling technologies for implementing SMS s representing into advanced manufacturing
solutions (P1); AM (P2); augmented and virtual reality (P3); simulation (P4);
horizontal/vertical integration (P5); IloT (P6); cloud computing (P7); cyber-security and
big data analytics (P9) (see Figure 4). Therefore, SMS s becomes so essential to the
future of manufacturing.

Figure 4 Mapping between design principles and enabling technologies for SMSS (see online
version for colours)

ti

Six-design -principles- of- Nine-Pillars-of-enabling-technologies- for-
industry-4.0c implementing- SMSso

1. Interoperability {Al)2 1_Advanced manufacturing- solutions-(P1)=
2 Virtualization-(AZ)2 2.-Additive-manufacturing - (P2)=
3.Decentralization{A3}2 3.-Augmented- and -virtual reality-(P3)=
-Realtime-capability (A4)2 4.-Simulation-(P4)=
~Service-onentation-{A3)a 5. Horizontal vertical - integration- (P3)=

6

7

8

9

L 4

[T ST S TS B

~Modularity {A6)2 _Industrial internet-of thing-(11aT) - (P6)=
_-Cloud-computing-(P7)=
_-Cvher-security- (P8)=
.-Big-data-analytics (P9)=

]

HoH f o] | 4




Toward smart manufacturing systems incorporating reconfiguration issues 9

The design requirements of 14.0 at any time ¢, RE2(?), is represented by the nine enabling
technologies as the following equation.

RE2(t) = f(P1,P2,P3,..., P9) ()

In this paper, modularity as a design principle integrated with advanced manufacturing
solutions is closer to designing SMS s, taking flexibility and agility into consideration.
Therefore, the requirements of 14.0 at any time ¢, RE(f), can be represented by the
interaction of equation (3) and equation (4) as the following equations.

RE(t) = f{REI(t)} " f{RE2(t)} (3)
RE(t) = f(A6, P1) 4)

Equation (4) is used to represent the requirements of 14.0 only without estimation. The
evaluation and measuring the demands of 14.0 will be presented after modification for
two aspects, as shown in equation (5) and later in equation (7). The index of equation (5)
is based on the average of the normalisations values of all elements of equation (4) which
are representing into modularity and advanced manufacturing solutions.

> ")
RE(t) === —__

n;; (1) ®
where
ni(f) number of elements at any time ¢ in equation (4) and/or equation (5)
y X
X0 = ©)

Xi(t) represents the aspects in each enabler i with each requirement j at any time ¢
ni(f) represents the number of enablers in each requirement at any time ¢
EV represents the existing value of enabler i with respect to requirement j at any time ¢

X" represents the maximum value of enabler i with respect to requirement j at any

time ¢

represents the minimum value of enabler i with respect to requirement j at any
time ¢.

Then, equation (5) can be rewritten as the following equation (7)

(X1°(1)+ X 72(1))

RE(f) = :

O]

where

EA6 _XAé
KOO =S ®

max min
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E45  represents the existing level of modularity at any time ¢

“ " represents the maximum level of modularity at any time ¢

max

“ represents the minimum level of modularity at any time ¢

min

and
EP - x"
Pl —
X (t) - Xmaxpl _XPI (9)

min

EP' represents the existing level of using advanced manufacturing solutions at any

time ¢

f i represents the maximum level of using advanced manufacturing solutions at any
time ¢

Pl

represents the minimum level of using advanced manufacturing solutions at any

min

time ¢.

3.2 Requirements of reconfiguration (RR)

Traditionally and classically, a RMS is designed for rapid adjustment to customised
production capacity and capability, in response to new circumstances (such as
introducing a new product (B1); modifying the existing one(s) (B2) and changes in
forecasting demand (B3). It is done by rearranging and changing components of the
hybrid manufacturing system itself (Garbie 2014 a, b). For this reason, the RMS is a new
manufacturing philosophy that will allow flexibility not only in producing a variety of
products (parts) and changing market demands but will also change the system itself.
There are many different types of activities for reconfiguring hybrid manufacturing
systems such as routing, scheduling, planning, programming of machines (e.g., CNC),
controlling, physical layout by adding and removing machines and their components,
MHSs, and configuration of machines into workstations (cells) (Garbie, 2014a, 2014b).

The essential aspects of the hybrid manufacturing system are the design of the system
integrating facilities, design, and logistics. Therefore, designing a manufacturing system
is divided into three main streams: production system, MHS, and plant layout system
(Garbie, 2014a, 2014b). In reconfiguration processes, the new configuration of the
manufacturing system will be created and reconfigured based on the original system plus
or minus new components. These components are machines, equipment, tools, and a new
layout. The production systems are classified as a flow shop (e.g., assembly line either
manual or automated), functional or process (job shop), or cellular system and the
associated flexible manufacturing cell/system. Also, the MHS in any production system
plays a vital role in the performance of the entire manufacturing system, although it was
considered as non-productive equipment (means non-value added). Regarding the
production system layout, it has a very significant correlation with the structure and
operation of a production system.
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Therefore, the requirements of reconfiguration regarding 14.0 will need not only the
previous traditional issues which were mentioned but also adding new intelligent CPS
such as sensor (B4) and actuators (B5). Therefore, the automation and information system
will be urgent and necessary in the reconfiguration processes, and their integration and
real-time monitoring will also be a new performance measurement.

The requirements of reconfiguration (RR) can be represented by the following
equation as follows:

RR(t) = f(Bl, B2, B3, B4, B5) (10)

Equation (10) can be rewritten as the following equation (11) for assessing the RR(f)
index at any time t regarding the requirements of reconfiguration. The index of equation
(11) is based on the average of the normalisations values of all elements of equation (10).

D B0
ij

an

where

n;(f) number of elements at any time ¢ in equation (10) and/or equation (11)

EB] _ yh
X0 =~ (12)

max min

EB'  represents the existing level of new products at any time ¢

X5l represents the maximum level of new products at any time ¢

Bl

min

represents the minimum level of new products at any time ¢

B2 B2

E .
XBZ(1)=XM—X"§§§ (13)

max min

EB2  represents the existing percentage to modifying current products at any time ¢

XB2  represents the maximum percentage to modifying current products at any time ¢

X B2 represents the minimum percentage to modifying current products at any time ¢

min

B3 P-x ,fi,
TR "

EB3  represents the existing percentage of changing demand at any time ¢

XB3  represents the maximum percentage of changing demand at any time ¢

X B3 represents the minimum percentage of changing demand at any time ¢

min
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EB4

B4
Xmax

XB4

min

EBS

BS5
X, max

B5
min
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B4 B4

E .
XB4(1):XB4—X”E§ (15)

max min

represents the existing percentage of using sensors in the whole plant at any time ¢

represents the maximum percentage of using sensors in the whole plant at any
time ¢

represents the minimum percentage of using sensors in the whole plant at any time
t

B5 B5

E .
X0 =g (16)

max min

represents the existing percentage of using actuators in the whole plant at any time
t

represents the maximum percentage of using actuators in the whole plant at any
time ¢

represents the minimum percentage of using actuators in the whole plant at any

time .

Integrating between the requirements of 4.0 (RE) and the requirements of
reconfiguration (RR) is represented by Figure 5 to summarise the phase I toward SMS s.
It seems from Figure 5 that there is a strong integrating between RE and RR through A6,
P1, and B1 until B5. This means that A6, which is represented in modularity-flexibility
and agility, has a relationship with B1, B2, B3, B4, and BS5. In addition, P1, which is
focusing on advanced manufacturing solutions, in terms of physical systems, especially
hybrid manufacturing systems, has the same relationships and concentrations on RR.

Figure 5 Integration between RE and RR (see online version for colours)
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Analysis of elements of physical system of SMSs

Table 1
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Figure 6 Types of different manufacturing systems for HMSS (see online version for colours)
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3.3 Designing hybrid manufacturing systems (HMSs) (DE)

The hybrid manufacturing system SMS is not an invention. It is a rebirth of a new version
of reconfiguring manufacturing systems ‘consisting of dedicated systems- product layout;
remainder cells-process and functional layout; cellular cells/system and the
associated/upgrading flexible manufacturing cells/system, and finally assembly systems’
added by equipped machines with sensors, actuators and control architectures for
achieving 14.0 (Figure 6). As a SMS (plant) is considered as the heart of 14.0, the HMS
hosts intelligent manufacturing processes. This means that there are many smarts in the
plant/factory to be so-called smart such as smart product, smart building/layout, smart
logistics/material handling equipment; smart produce; smart mobility; smart tools, and
finally smart machine. Designing hybrid manufacturing systems is consisting of
dedicated or modular manufacturing systems (automated) (DS), flexible manufacturing
systems (FMS), automated Job shop system (remainder cells) (JS), and
automated/manual assembly system (AS). The characteristics of each type of
manufacturing are illustrated in Table 1, according to Figure 6. It seems from Figure 6
that sensors and actuators belong to a digital system that will be distributed among all
machines/equipment and assembly workers/stations to get the data from them. The
biological systems will be used to collect the waste/residual from different types of the
hybrid manufacturing system.
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Concerning assembly system, using IIoT to assembly line/process is considered the
keystone of smart assembly because every assembly station or storage location or
equipment, and product or worker in the assembly line will be sensitised to communicate
in real-time specific data (Bortolini et al., 2017; Cohen et al., 2017). These can be done
by supporting the assembly line with aided assembly for workers (operator support
system), intelligent storage management, self-configured workstation layout, product and
process traceability, and late customisation and control system.

Designing physical system of SMS ‘HMS’, initially and physically, is based on the
following issues: types of layout (C1), reconfigurable machines (C2), MHS (C3), plant or
system expansion (C4), routing (C5), and type of automation (C6). The following
equation is used to represent the previous issues in designing, initially, the manufacturing
system as:

DE(t)= f(Cl,C2, C3,C4, C5, C6) (17)

Equation (17) is rewritten as the following equation (18) for assessing the DE(?) index at
any time t regarding designing physical system of SMS. The index of equation (18) is
based on the average of the normalisations values of all elements of equation (17).

DE(1) = 2,60

s 0) (18)
where
n;(f) number of elements at any time ¢ in equation (17) and/or equation (18)
EC_ x©
X = XU—_X'"U (19)

max min

EC'  represents the existing efficiency of layout at any time ¢

X§l represents the maximum existing efficiency of plant layout at any time ¢

C1
X, min

represents the minimum existing efficiency of plant layout at any time ¢.
Efficiency of plant layout is measured based on the maximum and/or minimum closeness
between departments

EC2 _XCZ
X0 =T (20)

max min

E®  represents the existing number of reconfigurable machines at any time ¢

X§2 represents the maximum number of reconfigurable machines at any time ¢

XE2 represents the minimum number of reconfigurable machines at any time .
EC_x©
XS @)= T _xo 2n

max min
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E®  represents the existing percentage of flexibility in MHSs at any time ¢

XG3. represents the maximum percentage of flexibility in MHSs at any time ¢

XE3 represents the minimum percentage of flexibility in MHSs at any time £.

min

Measuring flexibility of material handling is based on the number of different types of
material handling equipment used in the plant/factory

EC4 _ XC“
TR m’

E%  represents the existing percentage of expansion in the plant at any time ¢

XG4 represents the maximum percentage of expansion in the plant at any time ¢

X&4 represents the minimum percentage of expansion in the plant at any time ¢

min

ECS _XCS
X0 = (23)

(&)

max min

ES  represents the existing percentage of routing flexibility in the plant at any time ¢

XS represents the maximum percentage of routing flexibility in the plant at any time ¢

XE5 represents the minimum percentage of routing flexibility in the plant at any time ¢.
Routing flexibility is measured as using different routes in the plants/factories if there is
shutdown or breakdown of machines/equipment

Cé6 Cc6

E v
X = W 24)

max min

EC  represents the existing level of automation in the plant at any time ¢

XG5S represents the maximum level of automation in the plant at any time ¢

XE8  represents the minimum level of automation in the plant at any time z.

min

3.4 Challenges of reconfiguration (RC)

There are many challenges facing manufacturing systems to be reconfigured respectively
into main challenges such as complexity, reconfigurable machines; competitive
manufacturing strategies (lean and agile manufacturing); automation level, and embedded
systems representing into CPSs. Although these identified challenges are well-known for
all academicians and practitioners in the area of industrial, manufacturing and systems
engineering, they are still unexploited and/or discussed individually. It is recommended
to analyse and incorporate all of them in one formula. For each type of manufacturing
system, the level of challenge will be different in terms of elements. For example,
dedicated systems, the complexity level is medium focusing on the structure of the
system. However, in job shop systems or FMS or assembly one, the complexity level is
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high not only in the system structure itself (design) but also in the system dynamics
(operating). Concerning the complexity of machines, most machines are automated.
Updating/upgrading machines is not a simple task. It needs more high
technologies/aspects. Therefore, the level of complexity is high and requires more
attention regarding maintenance (preventive and predictive). The level of complexity will
differ from one type to another based on the layout and material handling equipment.

For competitive manufacturing strategies, lean manufacturing has a significant effect
on implementing 14.0 (Kolberg and Zuhlke, 2015), but the level of manufacturing
leanness will also be different on each type. For dedicated, flexible manufacturing and
assembly systems, the level of leanness will be high (minimum waste), but in Job Shop
manufacturing systems, it becomes low or at least medium. The agility level is affected
by each type of manufacturing system. FMS had the highest level of agility following by
the job shop. In dedicated manufacturing systems, the level of agility is the lowest one.

Regarding the current automation level, the level of challenges toward updating it is
low according to all types of manufacturing systems. In modern/smart manufacturing and
because of digitalisation, the manufacturing systems, especially the manufacturing
processes, will be operated by intelligent CPS. As digitalisation technologies play a vital
role in transformation, the manufacturing processes that digitise the different
manufacturing systems are not easy and represent a significant challenge to implement
14.0 or ‘smart manufacturing.’

Figure 7 Integration between DE and RC (see online version for colours)
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analysis of challenges regarding reconfiguration for SMSs

Table 2
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Table 2 shows the level of implementing 14.0 with the challenges with different types of
manufacturing systems to comprise the hybrid manufacturing system. This level is
divided into three categories: low, medium, and high. Low-level means it is easy to
implement, and a high level means it is challenging to implement it. It can be observed
from Table 2 that the requirements of 14.0 from the CPS is not complicated as a
challenge, but the problem represents the designing system, including optimising
complexity, reconfigurable machines/systems, and conducting competitive strategies.

Therefore, the challenges of reconfiguration at any time ¢, RC(¢) is formulated as a
function of complexity (D1), reconfigurable machines (D2), competitive strategies (D3),
automation (D4) and cyber physical system (sensors (D5) and actuators (D6) as follows
in equation (25).

RC(t) = f(D1, D2, D3, D4, D5, D6) (25)

Equation (25) can be rewritten as the following equation (26) for assessing the RC(?)
index at any time ¢ regarding challenges of reconfiguration (RC). The index of
equation (26) is based on the average of the normalisations values of all elements of
equation (25).

RC(f) = M (26)
n; (1)
where

n;(f) number of elements in equation (25) and/or equation (26)

EDl oy
XDI (Z) — A/Dl—_/YnZul (27)

EP'  represents the existing level of manufacturing complexity at any time ¢

XRL represents the maximum level of manufacturing complexity at any time ¢

XDl represents the minimum level of manufacturing complexity at any time ¢

Manufacturing complexity is measured based on the degree of complexity inside the
plant/factory due to so many issues such as machines, human resources, business
operations, etc.

D2 D2

E
XDt = (28)

D2

max min

EP?2  represents the existing number reconfigurable machines in plant/factory at any
time ¢

XR2  represents the maximum number reconfigurable machines in plant/factory at any
time ¢

XDP2 " represents the minimum number reconfigurable machines in plant/factory at any

min

time ¢
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ED3 _ Xm

EP3  represents the existing level of applying competitive manufacturing at any time ¢

XRB3  represents the maximum level of applying competitive manufacturing at any time ¢

XDP3 - represents the minimum level of applying competitive manufacturing at any time
t.

Competitive manufacturing is measured based on the level of manufacturing leanness and
manufacturing agility.

ED4 _ XD4

EP*  represents the existing level of required automation in the plant/factory at any time
t

XR4  represents the maximum level of required automation in the plant/factory at any
time ¢

XDP4 " represents the minimum level of required automation in the plant/factory at any

time .

Automation level is measured based on how much of automation level needed more than
manned level

D5 D5

E .
XP3(0) = 31

EPS  represents the existing level of using sensors in the plant/factory at any time ¢

XR3  represents the maximum level of using sensors in the plant/factory at any time ¢

XDP> - represents the minimum level of using sensors in the plant/factory at any time ¢.
ED6 _ Dﬁ
X0 = (32)

max min

EPS  represents the existing level of using actuators in the plant/factory at any time ¢

XRS  represents the maximum level of using actuators in the plant/factory at any time ¢
XD represents the minimum level of using actuators in the plant/factory at any time .

Integrating between the designing of hybrid manufacturing systems (DE) and the
challenges of reconfiguration (RC) is illustrated in Figure 7 to summarise the phase II
toward SMS s. It seems from Figure 7 that there is a strong integrating between DE and
RC through their enablers. This means that enablers of DE have a relationship with the
enablers of RC.
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3.5 A reconfiguration methodology (RM)

As mentioned in Garbie (2014a), additional to sensors and actuators, a reconfiguration
methodology will be suggested and presented based on the existing manufacturing
systems types and layout (E1) and MHSs (E2) with their material handling equipment’s
and identification systems (E3).

Therefore, the reconfiguration methodology at any time ¢, RM (f) is formulated as a
function of the previous issues (£1, E2, and E3) as follows in equation (33).

RM(t)= f(E1,E2,E3) (33)
Equation (33) can be rewritten as the following equation (34) for assessing the RM(¢)
index at any time ¢ regarding reconfiguration methodology (RM). The index of

equation (34) is based on the average of the normalisations values of all elements of
equation (33).

> M E©)
RM(t) === (34)
n;;(t)
where
ni(f) number of elements in equation (33) and/or equation (34)

El H _X:x‘ln
X (f)ZW (3%

max min

EF'  represents the existing type of manufacturing systems design and layout at any
time t

XEL  represents the maximum type of manufacturing systems design and layout at any

time ¢
XEl represents the minimum type of manufacturing systems design and layout at any
time ¢.
EE2 _ E?
XE ()=t (36)

EF?2  represents the existing type of MHSs design at any time ¢

XEZ  represents the maximum type of MHSs design at any time ¢

E2
min

represents the minimum type of MHSs design at any time z.

MHSs design is based on how many different designs of MHS will be available and used.

E3 E3

E .
XE}(f):XEg—mﬁ 37

max min

EF3  represents the existing type of identification systems design at any time ¢
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XE3. represents the maximum type of identification systems design at any time ¢

XE3  represents the minimum type of identification systems design at any time .

min

Identification systems design is measured based on how many different identification
systems will be available and used.

3.6 Performance measurement (PM)

Regarding performance measurement, there are eight crucial primary performance
objectives such as cost (F1), responsiveness (F2), system productivity (£3), people
behaviour (F4), work in progress (WIP) (£5), and quality (¥6) (Garbie, 2014b) additional
to the real-time monitoring (F#7) and the efficiency/reliability/availability of collecting the
data (F8). Therefore, the performance measurement at any time ¢, PM(¢), is formulated as
a function of the previous issues (F1, F2, ..., F8) as follows in equation (38).

PM@t)= f(F1,F2,.., F8) (38)
Equation (38) can be rewritten as the following equation (39) for assessing the PM(?)
index at any time ¢ regarding performance measurement (PM). The index of

equation (39) is based on the average of the normalisations values of all elements of
equation (38).

PM(t) = & 39)
n;;(t)

where

ni(f) number of elements in equation (38) and/or equation (39)

Fl _XFI

Fl E min
X)) = X _x (40)

F1

max min

EF!  represents the existing unit cost at any time ¢

XFl  represents the maximum unit cost at any time ¢

XF]

min

represents the minimum unit cost at any time ¢.

Unit cost is used to measure the range of unit cost due to reconfiguration

EF2— F2
TS “

EF? represents the existing response manufacturing time at any time ¢

XF2  represents the maximum response manufacturing time at any time ¢

XF2 represents the minimum response manufacturing time at any time .

min
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Response-manufacturing time is the time to produce a product starting from customer
order until receive it.

EF3_ F3
XF3(f)=Xm—_X"’rf'§ (42)

max min

EF  represents the existing production rate at any time ¢

XE3  represents the maximum production rate at any time ¢

XF3  represents the minimum production rate at any time £.

min

F4 F4

E
XF4(t)=X”—’",i§ (43)

max min

EF*  represents the existing number of people resisting implementation 14.0 at any time
t

X534 represents the maximum number of people resisting implementation 14.0 at any
time ¢

XF4  represents the minimum number of people resisting implementation 14.0 at any

min
time .

Number of employees resisting implementing 14.0 is measured based on the range of
employees whom will reject implementing 1 4.0.

EFS _XFS
XF5(1)=XFS—_erf"s 44

max min

EFS represents the existing number of units in WIP at any time ¢

XES  represents the maximum number of units in WIP at any time ¢

XFES represents the minimum number of units in WIP at any time ¢.
E F6 _ y 6
Xro@ = X _xr (45)

max min

EF¢  represents the existing percentage of quality control at any time ¢

XES  represents the maximum percentage of quality control at any time ¢

XFS  represents the minimum percentage of quality control at any time ¢.

EF7_ £
XF7(f)=Xm—_X"}?"7 (46)

max min
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EF7
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represents the existing percentage of using real time monitoring at any time ¢

XEI represents the maximum percentage of using real time monitoring at any time ¢

XF7

min

EFS

represents the minimum percentage of using real time monitoring at any time ¢.

EF-x"

represents the existing reliability of collecting data at any time ¢

XIS represents the maximum reliability of collecting data at any time ¢

XF8

min

represents the minimum reliability of collecting data at any time ¢.

(47)

Degree or percent of accurate the data collection and the range of accuracy is used to
measure the reliability of collecting data from machines/equipment.

Figure 8 Integration between DE and RC (see online version for colours)
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Table 4 Indexes of streams and re-configurability toward SMS

4.0 Requirements ~ Enabler No;;glaul;’sed }{Zj;?;g& Zlne; vaeeli‘g}?zfs RI (1)
SMS RE A6 0.25 0.290 0.287 0.424

P2 0.33

RR B1 0.20 0.338 0.145
B2 0.50
B3 0.33
B4 0.33
BS5 0.33

DE C1 0.40 0.400 0.161
C2 0.33
C3 0.17
Cc4 0.17
Cs 0.50
C6 0.33

RC D1 0.75 0.415 0.178
D2 0.33
D3 0.25
D4 0.50
D5 0.33
D6 0.33

RM El 1.00 0.750 0.138
E2 1.00
E3 0.25

PM F1 0.50 0.550 0.092
F2 0.62
F3 0.50
F4 0.50
F5 0.75
Fé6 0.50
F7 0.50
F8 0.50

Integrating between the reconfiguration methodology and process (RM) and the
performance measurements and evaluation (PM) is illustrated in Figure 8 to summarise
the phase III toward SMS s. It seems from Figure 8 that there is a strong relationship
between enablers of RM and PM, especially the E1 ‘type of manufacturing system.’
Therefore, the reconfigurability index (RI) toward 14.0 is formulated as a function of
requirements of 14.0 (RE), requirements of reconfiguration (RR), designing systems
(DE), challenges of reconfiguration (RC), reconfiguration methodology (RM), and
performance measurements and performances (PM) as follows in equation (48)
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RI = f(RE, RR, DE, RC, RM, PM)) (48)

Equation (48) can be rewritten as the following equations (49) and (50). Each term in
equation (50) represents a value of sub-re-configurability of SMSs. Adding these terms
with relative weights is considered. These weights can be used as an existing reason to
differentiate between major streams of reconfiguration. The re-configurability model in
equation (50) is used to estimate the re-configurability assessment (R/) of a SMS.

n=6
i=1

RI = WRERE(t) + WRRRR(t) + WDEDE(I) + WRcRC(t) + WWRM(t) + WPMPM(I) (50)

where RI represents the reconfigurability assessment towards SMS. The
re-configurability assessment summarised the facts quantitatively and/or qualitatively.
They are grouped in absolute or relative measures. Therefore, the re-configurability
assessment will be used to achieve this goal and to increase companies’ understanding
the concept of 14.0 and promote its practical application. The re-configurability
assessment index is typically used to measure quantitatively values. The
WRE,WRR,WDE,WRC,WrM and wpy, are the relative weights of the requirements of 14.0,
requirements of reconfiguration, designing hybrid manufacturing systems, challenges of
reconfiguration, reconfiguration methodology and performance measurements,
respectively.

4 An illustrative example

This illustrative example is used to demonstrate the proposed framework for assessing the
reconfiguration towards 14.0. Data related to requirements of 14.0 (RE), requirements of
reconfiguration (RR), designing hybrid manufacturing systems (DE), challenges of
reconfiguration (RC), reconfiguration methodology (RM), and performance
measurements (PM) are shown in the following Table (3).

The data included in Figure 9 is used to estimate the relative weights between streams
towards SMS. It can be seen from the AHP matrix in Figure 9 that the relative weights
between streams were estimated and proposed by stakeholders. It was noticed that
requirements of 14.0 (RE) were estimated to be three times more important than the
requirements of reconfiguration (RR) and equivalent important to designing hybrid
manufacturing systems (DE) and twice more important than challenges of reconfiguration
(RC) and reconfiguration methodology (RM) and three times more important than
performance measurements (PM). The RR was estimated to be equivalent important to
DE, RC, and RM, and twice more important than (PM). The DE was estimated to be half
as crucial as RC, and equivalent to RM and twice more critical than PM. The RC was
estimated to be equivalent important to RM, and twice more critical than PM. The RM
was estimated to be equivalent important to PM. The random index (RI) is selected from
Figure 9 for n = 6 as 1.240. Then, the consistency index, CI/RI equals 0.0355. Because
CI/RI is sufficiently small, the decision maker’s comparisons are probably sufficiently
consistent with providing useful estimates of the weights.
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In this case, the result is accepted because the inconsistency ratio equals 0.0355, and
it is less than 0.10. As a result, the relative weights are estimated for stream toward SMS
as (0.2864, 0.1449, 0.1613, 0.1781, 0.1373, and 0.0919) for RE, RR, DE, RC, RM, and
PM (see Figure 9). These relative weights can be changed based on the perspective of the
stakeholders of the XYZ Company. This means that these values can be changed from
one time to another time based on also new circumstances and requirements.

Therefore, the reconfigurability index toward SMS based on Equation (50) is
rewritten as the following Equation (51) relied on the assessment of the proposed relative
weights from the stakeholders and indexes from Table 3 with using Equations (6—47).
The index of each stream and the reconfigurability index are shown in Table 4 and
Equation (51). It seems from the results obtained of the reconfigurability index (RI),
which equals 42.40%, that the infrastructure of the production systems achieved only
42.40% of the total requirements toward SMS (I4.0). This means that it needs 57.60%
more than the existing one(s) to achieve 14.0. It can be noticed from Table 4 that the
requirements of each stream are different from others, but most of them still need more
required infrastructure.

RI(¢) = (0.287)RE(t) +(0.145)RR(¢) + (0.161)DE(¢) + (0.178) RC(¢)
+(0.138)RM () + (0.092) PM (¢) (51)
S RI(1)=0.4239=42.4%
The stream of requirements of 14.0 (RE) represents the lowest value of setup by 29%
follows by requirements of reconfiguration (RR) by 33.80% and by 40%, 41.5%, 55%
and 75% for designing of hybrid manufacturing systems (DE), challenges of

reconfiguration (RC), performance measurements (PM), and reconfiguration
methodology (RM), respectively.

Figure 9 Relative weights between the streams towards SMSs (see online version for colours)
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The degree of importance of each stream in value and percentage (%) regarding the
reconfigurability index is (0.424, 42.40%), and (1,000, 100%), respectively. It can be
observed from Table 5 that RM and RE represent the highest percentage following by
RC, DE, PM, and RR (Table 5).

Table 5 Analysis of each stream
RI(t) value RI(t)-value RI(1)% RI(1)-%
RE 8.30 42.40 19.57 100
RR 4.90 11.55
DE 6.45 15.21
RC 7.40 17.45
RM 10.3 24.30
PM 5.05 11.90

It was noticed from the results obtained from Table 5 that the reconfiguration
methodology (RM) needs more attention to be investigated and studied. Although the
requirements of 14.0 (RE) represents the second rank of importance by 19.57% and these
requirements are considered constant and well known for all industrialists and
practitioners, they need more deeply analysis especially the advanced manufacturing
application ‘technologies’ and modularity. Almost the challenges of reconfiguration (RC)
has approximately the same importance of RE (17.45%). These challenges will be remain
as they are because of the manufacturing complexity, reconfigurable machines,
competitive manufacturing strategies and CPSs (automation level, sensors and actuators).

Designing a hybrid manufacturing system (DE) is still undergoing from the
manufacturing systems designers and it is still more considerations from academicians
and industrialists. With respect to the requirements of reconfiguration (RR) and
performance measurements (PM), they have almost the same percentage of importance
(11.55% and 11.90%), respectively). Regarding RR, the requirements are general for the
first three requirements (B1-B3) but it has more attention for 14.0 (B4 and B5). The same
comment is added to PM, six of the PMs (F1-F6) are used for traditional manufacturing
systems and additional two more PMs (F7 and F8) are recommended for performance
evaluation for smart manufacturing.

5 Conclusions, contribution and recommendation for future work

A framework towards analysis and design SMS s was presented through six main streams
starting from the requirements of 14.0 and requirements of reconfiguration issues
following by designing manufacturing systems, challenges of reconfiguration, and
reconfiguration methodology and its associated performance measurements. It was
noticed that modularity is one of the six design principles of 14.0 matched with the
advanced manufacturing solutions as one of the nine pillars of enabling technologies. It
was noticed that modularity, flexibility, agility, and advanced manufacturing solutions
have focused on the requirements of reconfiguration. There is also a relationship between
designing hybrid manufacturing systems and challenges of reconfiguration. Not all
enablers of reconfiguration methodology matching with performance measurements
accept the type of manufacturing system. It was seemed that the physical systems with
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different aspects of layouts need to be automated, and the level of difficulty in
implementing 14.0 was low in terms of automation, sensors, and actuators.

5.1 Theoretical significance

A novel approach for identifying the re-configurability index was suggested, analysed
and presented through an illustrative numerical example through six main streams of
reconfiguration issues. These streams which were represented by requirements of 14.0;
requirements of reconfiguration issues; designing manufacturing systems; challenges of
reconfiguration; reconfiguration methodology and performance measurements deserve a
big attention from academicians and industrialists. The target values of each element in
re-configurability stream (maximum, minimum) and the actual value have been used for
normalising re-configurability index. This theoretical study is oriented for investigation
in re-configurability index in the whole manufacturing systems.

5.2 Managerial implications

Manufacturing system design and infrastructure maybe a hurdle for the smooth
transformation into 14.0 because most of industrial organisations especially traditional
ones may not be ready to transfer for 14.0 not only in developed countries but also in
emerging and developing countries. For this reason, analysis the re-configurability index
for the existing manufacturing systems towards implementing 14.0 is necessary to be
studied. Studying and analysing the requirements of 14.0; requirements of reconfiguration
issues; designing manufacturing systems; challenges of reconfiguration, and
reconfiguration methodology and its associated performance measurements is still highly
appreciated. This study shows that it is very urgent to identify the re-configurability index
in each stream taken into consideration the major common element of it with identifying
the target values.

5.3 Contributions and recommendations for future research directions

This paper’s main contribution is to present a framework for all streams and propose a
re-configurability index toward designing manufacturing systems to achieve 14.0. This
framework is wused to illustrate the steps and procedures to estimate the
re-configurability index for each stream by identifying the significant enablers for each
one. The authors intend to extend future research to include the real-life case studies.
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